Changes with time in the concentration of inorganic carbon in Lake Kinneret subsurface water were followed throughout two seasonal dinoflagellate blooms. The response of natural populations of the dominant dinoflagellate, Peridinium gatunense, to these changes was recorded by examining fluctuations over time in the activity of the enzyme carbonic anhydrase (CA) and in photosynthetic parameters. Our results show distinct fluctuations of both external and cytoplasmic CA activity in P. gatunense throughout the annual bloom. Higher levels of activity were triggered by the decline of total dissolved inorganic C below 1.8 mM and more specifically by low concentrations of dissolved CO, (l-10 PM) during the seasonal bloom decline in May-June. Laboratory studies on cultured P. gatunense confirmed our field observations, suggesting that supplemental mechanisms are activated in P. gatunense that enhance inorganic C uptake when CO, is limiting for photosynthesis.
In natural aquatic systems, high primary productivity is often accompanied by decreases in the concentrations of dissolved inorganic carbon species (DIC) and, more specifically, in the sharp decline of CO,(aq), the carbon species fixed in photosynthesis (Talling 1985) . Cellular adaptations of phytoplankton to low concentrations of dissolved CO, [CO,(aq) ] include mechanisms increasing the flux of in-I Present address: Dept. Life Sciences, Bar-Ilan University, Ramat Gan, Israel 52900.
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Carbonic anhydrase (CA), a central enzyme in carbon uptake mechanisms, is involved in maintaining close to or higher than equilibrium concentrations of CO,(aq) at the cell surface by dehydration of HC03- (Tsuzuki and Miyachi 1989) . Additionally, CA is essential to the CCM in increasing the steady state flux of CO,(aq) from inside the plasmalemma to the site of the enzyme responsible for carbon fixation -ribulose 1,5-biphosphate carboxylaseioxygenase (rubisco) -and in reducing leakage of CO2 from the intracellular pool (Kaplan et al. 1990 ). CA and its role in DIC uptake have been studied extensively in a variety of aquatic photosynthetic organisms, ranging from prochlorophytes to macroalgae belonging to many taxa (Tsuzuki and Miyachi 1989 ). Yet amongst the copious literature on CA, little reference is made to in situ activity of the enzyme in natural populations. More-over to our knowledge, no studies exist on CA activity in thecate dinoflagellates. CA is the only enzyme known whose activity fluctuates according to changes in environmental C02, its activity increasing with decreasing CO2 concentrations (Tsuzuki and Miyachi 1989) . Fluctuations in cell-specific CA activity within a natural phytoplankton population could indicate changes both in the DIC sources available for photosynthesis and in the cellular mechanisms of uptake.
Lake Kinneret, Israel, is a warm monomictic lake characterized by an annual winter-spring (February to early June) bloom of Peridinium gatunense Nygaard. This large (volume, 70,000-l 60,000 pm3 cell-l) thecate dinoflagellate comprises > 95% of the phytoplankton biomass during the bloom and is responsible for seasonally elevated rates of primary production > 2,000 mg C m-2 d-l (Pollingher and Berman 1982) . The bloom declines sharply shortly after the establishment of thermal stratification in May or June. Concurrent with the decline, there is a brief bloom of smaller volume dinoflagellates ( 14,000-20,000 pm3
cell-l), mostly Peridiniopsis spp. (Pollingher and Hickel 199 1) .
Reasons for the decline of the P. gatunense bloom and the species succession are not clear, although water temperatures higher than 25°C photoinhibiting light intensities, seasonally high turbulence of surface waters due to wind, and phosphorus limitation have been suggested as likely factors (Berman and Dubinsky 1985; Pollingher and Hickel 199 1) .
The possibility that high pH limits rates of photosynthesis during and immediately after the annual spring bloom of P. gatunense has been postulated by Berman and Dubinsky (1985) but never examined. However, evidence from two different sources indicates that CO,(aq) depletions do occur that may both limit primary production and influence species composition. First, the pH values of epilimnetic Kinneret waters rise from -8.2 during holomixis to 9.3 in late spring (Eckert and Truper 1993) . At these high levels of pH, the CO2 (aq) concentrations are relatively low (~0.1% of the DIC), and the dominant forms of inorganic C are HC03 -and C032-. Second, Zohary et al. (1994) have shown that the stable isotope composition of P. gatunense changes during the bloom season and becomes increasingly 13C-enriched as the bloom progresses. Highest 613C values were observed during the bloom decline phase. Since the enrichment in 13C could not be accounted for by changes in the V3C of the dissolved CO,(aq), Zohary et al. (1994) suggested that the likely cause was reduced isotopic fractionation during photosynthesis due to CO,(aq) limitation. To overcome CO,(aq) limitation of photosynthetic rates and maintain the high productivity rates during the bloom peak, P. gatunense may use alternative mechanisms that allow it to utilize inorganic C for photosynthesis. Our objectives were to determine whether CO,(aq) availability is a factor influencing the decline of the annual Peridinium bloom and phytoplankton species composition in Lake Kinneret. We followed temporal changes in the concentrations of DIC species throughout two seasonal dinoflagellate blooms. The response of P. gatunense to these changes was examined by studying fluctuations over time in the activity of CA and in photosynthetic parameters for naturally occurring and cultured populations. We then compared these characteristics with those of natural populations of the competing Peridiniopsis spp.
Methods
Seasonal sampling-Sampling was carried out at station A, a midlake station representative of the pelagic waters and subject to the typical thermal structure of the lake (Serruya 1978) . Water and phytoplankton samples from 2-m depth (considered optimal during daylight for the motile Peridinium: Pollingher and Hickel 199 1) were collected weekly or biweekly between 0900 and 1000 hours throughout the P. gatunense bloom season from 14 February to 13 May 1991 and from 6 January to 24 June 1992. Water samples for chemical analyses were collected with a 6-liter Rhode sampler. Phytoplankton samples were obtained by horizontal tows at -2-m depth with a 20-pm-mesh net. The net contents were passed through a 90-pm filter to eliminate zooplankton. The cells were sedimented in a graduated cylinder, and the upper water was discarded. P. gatunense comprised >90% of the biomass in final samples. When Peridiniopsis spp. occurred, the tow was further fractionated on 40-pm mesh and -95% of the Peridiniopsis was collected from the fraction between 20 and 40 pm, while P. gatunense was collected 1 e.u. cell-l = 1.25 x 10-l* mol CO2 from the 40-90-pm fraction.
-cell-l s-l.
In Chemical analyses -Total alkalinity, which in the Lake Kinneret epilimnion approximately equals carbonate alkalinity (Serruya 1978) , was determined on lake water prefiltered with a syringe on GF/F filters (minimal pore size, 0.6-0.7 pm) and titrated with 0.02 N HCl to a pH 4.2 end point. Carbonate system speciation was calculated from the pH and alkalinity data and concentrations of the major ionic species (Ca2+, SOd2-, Cl-, Na+ ) measured at the same station as part of the routine monitoring program of the lake. The program for geochemical calculations, PHREEQE (Parkhurst et al. 1980) , was used for carbonate chemistry computations. Linear regression between measured total CO2 (analyzed by vacuum-line stripping followed by manometric gas measurements by J. Erez) and the calculated total CO2 values showed a significant correlation (r2 = 0.97, P < 0.001, n = 15).
Total activity was measured on crude extracts of cells homogenized on a glass/glass homogenizer in 25 mM Veronal-HCl.
Only external (cell surface) CA was assumed to be measured in whole cells since preliminary experiments showed that 100 PM acetazolamide (AZ), a membrane-impermeable CA-specific inhibitor (Tsuzuki and Miyachi 1989) CA assay-P. gatunense samples collected from net tows were washed with 25 mM Veronal-HCl buffer (pH 8.3) to prevent measurement of any CA activity that might exist in the lake water. Dinoflagellate cells were resuspended in the same buffer. CA activity was measured (following the method of Wilbur and Anderson 1948) as the time required for the pH to change from 8.3 to 7.3 following addition of 1 ml of CO,-saturated water (water bubbled with 100% of CO2 until pH was c4.2) to 1 ml of the test material and 1 ml of buffer. The temperature during the reaction was kept at 2°C. Enzyme activity units were calculated according to enzyme unit (e.u.) = T,/T -1, where T and T, represent the time (s) needed for the pH to change with and without algal samples (Tsuzuki et al. 1984) . Conversion from relative enzyme units to standard enzyme units can be achieved by using the factor Photosynthetic parameters for the 1992 season only) -The photosynthesis-irradiance relationships of natural populations of Peridinium collected by net tows (see above) and resuspended in filtered lake water were examined weekly in a modified (Lewis and Smith 1983) photosynthetron.
Triplicates of 5-ml aliquots of cell concentrates were spiked with NaH14C03 (1.8 PCi per 5-ml sample) and incubated for l-2 h at 17°C under varying light intensities (lo-1,000 pm01 quanta m-2 s-l). Samples were subsequently filtered (6-l 3 mbars) onto 0.45-pm membrane (Millipore) filters, washed several times with filtered lake water, acidified overnight to eliminate residual inorganic 14C, resuspended in a 30 : 70 vol/vol InstaMix-40 (Packard) : xylene scintillation cocktail, and counted with a Kontron MR-300 liquid scintillation counter. A photosynthesisirradiance curve was then plotted from which the maximum specific photosynthetic rate (P,,,) , the irradiance at onset of photosynthetic saturation (Zk), and the slope of the initial linear portion of the curve (cw) were determined (Kirk 1983) . Photosynthetic parameters were standardized per cell within species or per unit wet weight biomass when comparing different species. On two occasions, cells from the same tow were separated into two distinct populations of P. gatunense and Peridiniopsis (see methods) and their photosynthetic parameters determined.
Biomass estimates -Peridinium and Peridiniopsis cells were counted with an inverted microscope (Wild) by the Utermohl (1958) technique. Lugol-fixed cell suspensions (0.2 ml) were sedimented in 1 O-mm-diameter sedimentation chambers, and all cells were counted. Wet weight biomass was calculated from species-specific volumes assuming a specific density of 1. Carbon content of Peridinium and Peridiniopsis was assumed to be 20% of wet weight (Berman 1978) . Chlorophyll a was determined fluorometrically (Turner 10400) in triplicate after 24 h of extraction in cold 90% acetone of samples filtered on GF/C filters (6-13 mbars) (Holm-Hansen et al. 1965 ). Calibration curves from pigment quantification were done with Anacystis nidulans Chl a (Sigma).
Laboratory study-The effect of changes in external CO, concentrations on the photosynthetic rates of cultured Kinneret P. gatunense was examined. Batch cultures were grown on air levels of CO2 (0.03%) using Lindstrom growth medium (Lindstrom 1984) with 2 meq liter-l bicarbonate alkalinity (pH 8.5) at 20°C and continuous illumination of 200 pmol quanta m-2 s-I. Log phase cultures were incubated for 24 h prior to experiments with either 5% CO,/air or air (0.03% C02). Experimental conditions for photosynthesis-irradiance setups were similar to those described for natural populations. To test the importance of CA activity in maintaining high rates of photosynthesis, we added 100 PM ethoxyzolamide (EZ), a CA-specific membrane-permeable inhibitor (Tsuzuki and Miyachi 1989) to both cultures. Preliminary experiments showed > 90% inhibition of total CA activity when we used the above concentration of EZ.
Results
Although the timing and duration of the P. gatunense blooms differed somewhat between 199 1 and 1992, the physical, chemical, and biological trends observed in station A at 2-m depth were similar for both seasons (Figs. 1, 2). Weekly biomass estimates for the dinoflagellates at station A follow. In 199 1, carbon biomass increased from 11 g C me2 in February to maximum values of 34 g C rnB2 in mid-April and then declined to 3 g C mm2 by 15 May. In 1992, biomass ranged from 0.14 g Initial pH values at the 2-m depth sampling site were 8.5 at the onset of the bloom in 199 1 and 8.2 in 1992 and increased with bloom progression to reach maximum values of 9.3 (Figs. 1 A, 2A). With bloom decline, pH values decreased in both years. Bicarbonate and carbonate alkalinity decreased during this season from 2.6 to 1.8 meq liter-' in 1991 and from 2.8 to 1.5 meq liter-l in 1992 (Figs. IA, 2A) . In 199 1, the calculated DIC concentrations ranged from 2.6 to 1.5 mM (Fig. lB) , and CO,(aq) declined from 17 to 1 PM at bloom's end (Fig. 3) . Bicarbonate, the dominant species of inorganic C at all times, varied from 2.4 to 1.2 mM (Fig. 1 B) . Carbonate increased from 5 to 159 PM as pH increased (Fig. 1B) . In 1992, measured DIC concentrations were 2.8-1.2 mM, and CO,(aq) declined from 53 to 1 PM (Fig. 2B) . CO,(aq) concentrations during MayJune were mostly <5 PM. Bicarbonate was reduced from 2.4 to 1.2 mM at the end of the bloom. Carbonate increased with increasing pH and ranged from 10 to 160 PM during the bloom period (Fig. 2B) .
Two distinct levels of total CA activity per cell were observed in the natural P. gatunense population for both bloom seasons (Figs. 3,4 ). For the first 3 months of the bloom, a fairly uniform low level (0.8 -5 x 1O-6 e.u. cell-r) of activity was maintained. This low activity showed no significant response to changes of pH, alkalinity, and speciation of DIC in the water. In contrast, during the last 6 weeks of the bloom, total CA levels increased 25-fold in 199 1 and from 25-to 50-fold in 1992. Average values for periods of low and high total CA in 1991 were 3.1 x 1O-6 and 7.1 x 1O-5 e.u. cell-' (Fig. 3) . In 1992, average low and high values were 4 x 10e6 and 2 x 10e4 e.u. cell-l (Fig. 4) . The shift from low to high levels of cell specific activity was very sharp in 199 1, increasing in 1 week by 200-fold. In 1992, a period of intermediately higher activity was also observed. The low levels measured in February increased slightly (7-fold) toward the end of March and remained at this higher level until mid-April before declining to the initial lower levels of activity. After mid-April, enzyme activity increased steadily and reached maximum levels 50-fold higher than initial levels just before the bloom collapsed.
Both external and cytoplasmic CA activities were measured during both seasons (Table 1) . In 199 1, no clear temporal pattern was observed in these fractions. Generally, external CA constituted > 50% of total CA activity while cytoplasmic CA comprised between 30 and 40% of all activity. However on several occasions, cytoplasmic CA reached values > 70% of total activity (Table 1) . During the 1992 bloom, a clearer trend was observed, with most activity usually due to external CA (41-90% of total CA activity) ( Table 1) . With the increase in total CA activity toward the end of the bloom, a decline was measured in the percentage of cytoplasmic CA activity. Thus, the ratio between external and cytoplasmic CA increased from -1.5 to 9 at the end of the bloom. External CA for both seasons was tightly correlated with the increase in total activity (r2 = 0.99 for 1992, P < 0.001, n = 12; r2 = 0.86 for 1991, P < 0.001, n = 16), while cytoplasmic CA was not.
Photosynthetic parameters-In 1992, we followed changes with time in the photosynthetic performance of natural populations of P. gatunense. The light intensity at the onset of maximum photosynthesis (ZJ did not show an apparent trend or seasonal pattern and varied over the season from 80 to 175 pmol quanta m-2 s-l. For the first stage of bloom development, P,,, values were relatively high, and they increased with the increase in enzyme activity(1.4-4.7
x 10-7mgCcell-1 h-l). From the end of April, however, when CA activity increased to the high levels observed throughLinear regressions showed that increases in total CA activity were generally negatively correlated to CO,(aq) (r2 = 0.43, n = 18, P < 0.005). Over the two seasons, CA increased exponentially when CO,(aq) declined to < 10 PM (Fig. 5) . Alkalinity levels at the times of high CA activity were typically ~2 meq liter-l, while pH measured at these times was JAN ' FEE ' MAR ' between 8.8 and 9.3. 1992 Fig. 6. Changes with time during the 1992 Peridinium gutunense bloom in photosynthetic parameters (P,,,.,, a) as determined from photosynthesis-irradiance curves measured on lake populations of Peridinium and compared to changes in total CA activity. out the rest of the bloom, P,,, declined to a minimum (measured in mid-June) of 0.46 x 10m7 mg C cell-' h-l (Fig. 6 ). Alpha (a), a measure of the ability of the cells to adapt to low light (Kirk 1983) , showed an amplification of the pattern observed with P,,, throughout the bloom (Fig. 6) . High values were observed from January through April and lower values for the last 2 months (May-June). In general, linear regression showed that higher levels of CA activity were associated with smaller a values (r = -0.67, n = 16, P = 0.006) (Fig. 6 ).
P-Z curves were drawn for P. gatunense sampled at times of high and low ambient DIC concentrations in the lake [6 January 1992: 2.8 mM DIC and 40 ,uM CO,(aq); 26 May 1992: 1.6 mM DIC and 3 PM CO,(aq)] (Fig. 7) . Higher prnax and LY values were observed for cells growing at high ambient CO, concentrations Lpxnax = 3.25 x 1O-7 mg C cell-l h-l, cy = 2.6 x 10-gmgCcellh-1(~molquantam-2s-1)-1] than for cells growing at low ambient CO2 conditions [P,,,,, = 1.55 x 10m7 mg C cell-l h-l, a! = 1.3 x 1O-g mg C cell-l h-l (pm01 quanta m-2 s-l)-'1. Cultured P. gatunense incubated for 24 h at 5 and 0.03% CO2 displayed similar differences in their photosynthesis-irradiance parameters. Pmax and cy of cells incubated at the higher concentration of CO,(aq) reached 9.1 x 10B7 mg C cell-l h-l and 2.7 x lOmg mg C cell-l h-l (pm01 quanta me2 s-l)-' vs. 1.65 x 10V7 mg C cell-l h-l and 7.8 x lo-lo mg C cell-l h-l (pm01 quanta m-2 s-l)-' for cells incubated at low CO2 (Fig. 8A,B) . Inhibition of total CA activity by ethoxyzolamide decreased photosynthesis by 25-92% (avg, 82 + 9% SD) for cells bubbled with air at all light intensities (Fig.  8A) . Photosynthesis of cells incubated at 5% CO2 was not as effectively influenced by CA inhibition.
Photosynthetic rates were reduced between 25 and 72% (45+ 13% SD), with the highest decrease in photosynthesis observed at light intensities >200 pmol quanta m-2 s-l (Fig. 8B) . For equivalent light levels, cells incubated with 5% CO2 and ethoxyzolamide showed higher rates than cells grown on air without the inhibitor. Cells grown on enriched CO2 did not show photoinhibition at light intensities > 500 pmol quanta m-2 s-l, while those grown on air did.
Interspecific comparison of responses to CO,(aq) changes in Lake Kinneret-As has been reported for previous years (Pollingher (Table 2 ).
The photosynthetic parameters measured from the F-Z curves (Table 2 ) depict higher rates of maximum photosynthesis (both per cell and per unit biomass) and higher cy values for Peridiniopsis than those measured for P. gatunense (Fig. 9 , Table 2 ). Zk was similar for both inorganic calcite deposition which occurs in the calcite-saturated surface waters (Serruya 1978) . We have calculated that in 199 1, -60% of the seasonal change in DIC concentrations was a function of photosynthesis. In 1992, the change in DIC due to photosynthesis over the bloom period increased to -80% of the total decline in concentrations. Thus, while CO2 uptake for photosynthesis reduced DIC by a factor of two and caused a change of one unit pH, CO,(aq) concentration decreased 20-50-fold.
The supply of CO2 to a phytoplankton cell is limited by molecular diffusion through the unstirred layers surrounding all cells in aauatic species on both occasions. The P,,, values for P. gatunense (4.6 and 5 x 1Om8 mg C cell-l h-l) fell at the low end of the range of values observed throughout the bloom (Fig. 6) 
Discussion cn
In this study, we have used CA as an indicator to monitor changes both in the availability of CO,(aq) for P. gatunense and in the cellular mechanisms used to procure the inorganic C required for photosynthesis by P. gatunense ,in its natural habitat. Our results show a distinct pattern of changes in CA activity of P. gatunense which corresponds to the progression of the annual bloom in Lake Kinneret. Higher levels of activity were triggered by the decrease of DIC concentrations < 1.8 mM and CO,(aq) concentrations between 1 and 10 PM found during the bloom decline (Figs. 3,4) . The decline of DIC concentrations resulted from both photosynthesis and from environments and by the rates of uncatalyzed dehydration of bicarbonate (Pasciak and Gavis 1974; Riebesell et al. 1993 ). In P. gatunense, CO,(aq) limitation may be even more pronounced. On the basis of the assumptions of Riebesell et al. (1993) the fraction of CO, supplied by conversion from bicarbonate to CO2 in a cell of 35-pm radius (such as a typical P. gatunense cell) would range from only -8 to 18% of the total CO2 supply with the rest dependent on diffusion. Morphologically, the armored dinoflagellate is surrounded by an outer double-membraned theta made of noncellulosic glucan (Nevo and Sharon 1969) . The outer membrane is presumed to be the plasma membrane (Dodge 1987) , and the thecal wall plates are embedded in a single layer of flattened vesicles under which are three membrane layers surrounding the cytoplasm (Messer and Ben-Shaul 1969). Thus, the CO2 crossing the cell wall must pass the unstirred layer and diffuse through several membrane layers before reaching the sites of C fixation located in the chloroplast stroma.
Carbonic anhydrase and carbon uptake in P.
gatunense-Our values of CA activities were generally higher than previously reported values for other species on both per cell or per chlorophyll basis. In P. gatunense, total CA levels were typically between 0.8 and 200 x lo+ e.u. cell-l and between 15 and 160 e.u.
(mg Chl a)-l. Values reported for other algal taxa (both freshwater and marine species) ranged from 0.1 to 160 x lop6 e.u. cell-' and from 0.4 to 186 e.u. mg Chl a-l (Merrett 199 1; Dixon et al. 1987; Tsuzuki et al. 1984; Yagawa et al. 1984) . Excluding a study on symbiotic zooxanthellae whose CA levels were 2-3 times lower than those of their cnidarian symbiont (Weis et al. 1989) , we found no previous reports on CA from dinoflagellates. Our higher values of CA activity of natural P. gatunense populations may be due to the high pH (8.8-9.3) and more extreme limitation in CO,(aq) found during the last stages of the bloom as compared to the activities noted in the references above, which were generally from laboratory cultures maintained at pH 7-8.5 bubbled with 0.03% C02. Cultured P. gatunense in conditions as above also displayed lower CA activities -more comparable to those found at the beginning and middle of the bloom (Berman-Frank unpubl.) .
In general, external CA was found to be the dominant form of CA activity in Peridinium, especially when CA activity increased to high levels. Studies by Tsuzuki and Miyachi (199 1) on Chlorella vulgaris C3 and Chlamydomonas reinhardtii Cg, both with high activities of CA on their cell surface, showed that external CA plays an important role in increasing CO,(aq) availability at high concentrations of cells.
In P. gatunense, the times of high external CA activity coincided with periods of high biomass, although cell specific activity remained high even after biomass levels decreased in May and June. Therefore, the increase in CA activity was not merely due to the increase in the amount of CA protein present which resulted from increased cell numbers. Rather, the increase in specific activity was a physiological reaction to the change from relatively high CO,(aq) (> 10 PM) to low (l-l 0 PM) concentrations (Figs. 3, 4) . The exponential increase in CA activity was observed only when CO,(aq) declined to < 10 PM, illustrating a "lower limit" that must be reached before cells react to limiting levels by increasing enzyme activity (Fig. 5) . Immunoelectrophoresis studied of CA in C. reinhardtii by Yang et al. (1985) showed CA synthesis was induced when CO2 concentration was experimentally reduced from 4 to 0.04% (parallel increases in activity and protein content) and stopped when the CO2 level was raised from 0.04 to 4% CO2 (constant CA activity and protein content).
It is generally accepted that the role of external CA (i.e. located on the cell's outer surface) is to facilitate the dehydration of HC03-to CO,(aq) so that the C species crossing the cell wall and plasmalemma is CO,(aq) (Tsuzuki and Miyachi 1990) . From our results, we can infer that the increase in external CA observed with decreasing CO,(aq) concentration enhances the catalysis of CO,(aq) from the dominant C species-bicarbonateand thus maintains the flux of CO,(aq) into the cells.
However, external CA by itself may not be sufficient to adequately increase photosynthetic rates as has been previously suggested by Williams and Turpin (1987) . The presence of intracellular CA found in Peridinium throughout the bloom suggests the presence of a CCM. The CCM functions to increase the steady state flux of CO,(aq) needed for carboxylation by rubisco and to reduce leakage of CO,(aq) out of the cell (Kaplan et al. 1990 ) so that photosynthetic rates are enhanced.
Without the increase in total CA activity, we would have expected a greater reduction in photosynthetic rates with the decline in CO2 concentrations as the bloom progressed. The importance of CA activity was demonstrated by the 80% reduction in photosynthesis of airgrown cultured Peridinium exposed to ethoxyzolamide, which inhibits both external and intracellular CA (Fig. 9A) .
It is not known whether Peridinium has a CO,-concentrating mechanism, but preliminary results from culture experiments do show the presence of an inorganic C pool greater than would be expected from CO,(aq) diffusion alone (Berman-Frank and Erez unpubl.) . The fairly constant activity of internal CA measured throughout the bloom could indicate that some form of a CCM is present in this organism. Moroney et al. (1987) showed that in Chlamydomonas the intracellular CA involved in the CCM was constitutive, while external CA increased when cells were adapted to low C02. Although many interspecific variabilities in CA activity and its characteristics exist, P. gatunense may also use the CCM consistently while varying the activity of external CA in response to environmental CO,(aq) fluctuations.
The present data do not allow us to determine whether P. gatunense can use bicarbonate directly (i.e. active uptake through the external membranes). Bicarbonate use by phytoplankton is reported to be more common in alkaline waters (Talling 1985; Hough and Fornwall 1988) comparable to those of Lake Kinneret. Further work is in progress to elucidate the species of C that crosses the cell under different conditions and the capabilities of P. gatunense to concentrate DIC and increase availability of CO,(aq) to the rubisco sites.
Influence of light and COz(aq) availability on photosynthesis -Physiological studies on cultured P. gatunense from Lake Kinneret showed the most efficient C fixation ('"C) at -pH 7, although growth rates and biomass development were highest at pH 8.3 (LindStrom 1984; Berman and Dubinsky 1985) .
Typical pH values at the end of the P. gatunense bloom were between 8.8 and 9.3. Two recent studies found close correlation between pH > 8.5 and high dinoflagellate abundances in marine environments (Yoo 199 1; Hinga 1992) . However, this coupling did not result from the dinoflagellates depleting total inorganic C concentrations and driving pH up, but was explained as being due to earlier diatom blooms in one study and pH manipulation in the other. In contrast, in Lake Kinneret, it is predominantly the photosynthetic activity of P. gatunense during winter and spring that causes the rise in the pH of the water and the shift in equilibrium of the DIC system to extremely low concentrations of CO,(aq).
From the data collected on the photosynthetic parameters of P. gatunense sampled from different light and CO2 regimes, we are able to state that low CO2 concentrations depress maximal photosynthetic rates of Peridinium (Figs. 6, 7, 8) . Moreover, cx differed between the cells subject to low and high CO2 concentrations, with smaller LY values measured when CO2 concentration was low. cx can also be rcgarded as a product of the maximum quantum yield ($,,,) and the in vivo spectral average Chl a-specific absorption cross section (kc) (Falkowski 1980) . At high CO2 concentrations (and high photosynthesis), less physiological stress may mean the cell can have either a larger 6mzix 9 a larger kc, or both (i.e. larger a)-thereby enhancing the cell's ability to react to lower light intensities. While kc was not measured weekly, a photoadaptation study of Peridinium showed kc varied from 0.005 to 0.009 m2 mg Chl a-l when cells were grown at 30 and 300 pmol quanta m-2 s-l (Fisher 1987) . Since the changes we observed in cy were greater, we assume that the change in Q was due mostly to the change in timax. A decrease in (b max would also result in the lower P,,, observed at the lower CO, concentrations.
At low COZ conditions, the cell must expend energy on either direct bicarbonate uptake, CA synthesis, operation of a CCM, or a combination of these mechanisms (Raven and Lucas 1985) . Additionally, according to Raven and Johnston (199 l) , even when an inorganic carbon pump is in operation, a lower limit of photon flux density exists under which no net photosynthesis can occur because more energy is needed to pump in leaked CO, than is available from photon absorption. Thus, the ability of the cells to adapt quickly to low light intensities may be affected. Although (x was a poor diagnostic of N limitation in steady state cultures of various phytoplankton species, phytoplankton grown in batch cultures displayed smaller cy values when nitrate was depleted (Cullen et al. 1992) . Falkowski (1992) concluded that not only irradiance but also nutrients modify photosynthetic responses such as photochemical energy conversions. CO, limitation may influence cellular response in a manner similar to nutrient limitation and may cause a decline in the photosynthetic response of phytoplankton.
Comparison of P. gatunense and Peridiniopsis spp. -With the exception of a descriptive study on the dinoflagellate associations of Lake Kinneret (Pollingher and Hickel 199 l) , no data exist on ecophysiological differences between P. gatunense and the minor blooming dinoflagellates of the genus Peridiniopsis that usually appear toward the end of the Peridinium bloom. An indication for differences in DIC utilization by the two genera was found in the recent study of stable carbon isotope ratios of the Lake Kinneret food web. Peridiniopsis spp. were found enriched with 13C in comparison with P. gatunense and ranged from a 613C of -14 to -8Ym compared with -23 to -18o/oo for Peridinium (Zohary et al. 1994 ).
Our results show that Peridiniopsis spp. had higher specific photosynthetic rates on the basis of both per cell and per unit biomass (Table  2 ) and also much higher external CA activity. These findings interpreted together with the stable isotope data indicate that Peridiniopsis can use the seasonally low CO,(aq) concentrations more efficiently than P. gatunense and thus maintain higher photosynthetic rates. Additionally, the smaller size of Peridiniopsis confers a larger surface : volume ratio that is advantageous both for nutrient scavenging and for increasing the diffusion of CO,(aq) through the unstirred boundary layer (Raven 199 1).
These characteristics may enable Peridiniopsis to occupy the niche of the declining Peridiniurn.
We have shown that the progression of the annual P. gatunense bloom in Lake Kinneret leads to a reduction in ambient DIC and a drastic decrease in CO,(aq) concentrations. P. gatunense responds by increasing external CA activity, which increases the flux of CO,(aq) to the cells from the dehydration of bicarbonate and enhances C fixation. Internal CA activity was observed throughout the bloom and may function in a CCM to maintain saturating levels of CO,(aq) at the rubisco sites. Motility through the water column may also enhance the supply of CO2 to large phytoplankton cells (Pasciak and Gavis 1974) such as P. gatunense.
Eventually, however, the cellular adaptations of P. gatunense to the limitation of CO,(aq) alone are not sufficient to prevent the drop in photosynthetic rates and, subsequently, the decline of the bloom. The effects of CO,(aq) limitation are probably compounded at this time by high temperatures, photoinhibitory light intensities, low ambient P concentrations, and high turbulence, all of which adversely affect P. gatunense growth and photosynthesis (Berman and Dubinsky 1985; Pollingher and Hickel 199 1) . With the decline of P. gatunense, an opportunity arises for other species to compete for the same niche. P. gatunense is succeeded by Peridiniopsis spp.
which, as we have demonstrated, can better compete under conditions of limited CO,(aq).
In the more general context, this study provides an example of a medium-sized natural lake ecosystem in which inorganic C availability is one of the factors limiting phytoplankton photosynthetic rates and indirectly influencing algal species composition. The questions of whether oceanic primary production is CO, limited and the effects of increasing atmospheric CO, on phytoplankton remain controversial (Falkowski and Wilson 1992; Riebesell et al. 1993; Raven 1993) . Our findings suggest that in systems similar to Lake Kinneret, increasing atmospheric CO, concentrations may enhance primary productivity and stimulate further sequestering of atmospheric co,.
